This study shows potential cost savings by adoption of emission trading in India. At the Paris Agreement, India pledged to reduce CO2 emissions intensity by about 30-35 percent by 2030 relative to 2005. Applying joint production function of electricity and CO2 emissions, we find that India could have saved about US$ 5 to 8 billion, if she had constituted an emission trading system, with the provision of banking and borrowing over the study period of 5 years. To our knowledge, this is the first study measuring foregone gains due to absence of a nationwide carbon emission-trading program in coal fired thermal power sector, using an ex-post analysis.
Introduction
At the Paris Agreement in 2015, India pledged to reduce CO2 emissions intensity 1 by about 30-35 percent by 2030 relative to 2005. Coal based electricity generation sector, with an installed capacity of 222 GW, accounts for about three-fourth of total electricity generation (Central Electricity Authority [CEA], 2018) and will remain dominant source of power generation in India. This sector contributes to about half of the total CO2 emissions generated in the country (CEA, 2013) . Therefore, if India is to achieve the targets announced at the Paris agreement, it is imperative to find cost effective measures of reducing CO2 emissions in this sector. Carbon pricing is economically the most efficient strategy for reducing the emissions (Aldy and Pizer, 2015; Managi, 2015; Schmalensee and Stavins, 2017) . The Paris Agreement offers avenues for new market-based approaches such as emission trading, to countries for realizing their Nationally Determined Contributions (NDCs).
Emission trading, popularly known as cap-and-trade program, is one of the ways of putting price on pollution, the other being taxation. Given the heterogeneity in abatement costs, market-based instruments, such as emission trading, accomplish the targeted emission levels cost effectively, by equalizing marginal abatement cost across the polluters (Carlson et al., 2000) . An emission-trading program offers an opportunity to thermal power plants to realize regulatory compliance at lower costs, as compared to CAC regulatory mechanism, by purchasing rights to emit CO2 emissions from the plants facing lower abatement costs. Moreover, inter-temporal trading of emissions equalizes marginal abatement costs, not only spatially but also inter-temporally, and thus, further reduces the abatement costs. Note that given the flexibility in regulatory compliance with least cost, investments in technology or procedures flow to the plants having low abatement costs (Chan et al., 2012; Goulder and Schein, 2013) .
The first full-fledged successful application of emission trading program was undertaken in the form of US Clean Air Act of 1990 to limit sulfur dioxide emissions. During the period of 1990 to 2007, the US electricity plants could reduce sulfur dioxide emissions by 79 percent, while increasing electricity production by 26 percent, with about 15 to 90 percent savings in abatement costs relative to other policy options (Schmalensee and Stavins, 2013) . Moreover, trading brought down the abatement costs over time, through incentivizing innovations (Popp, 2003; Kumar and Managi, 2010; Bellas and Lange, 2011) . European Union -Emission Trading Scheme (EU-ETS), covering CO2 emissions from different industries including power sector across 27 countries, and many smaller programs have sprung up across the world (Grubb, 2012) . 2 China has also announced launching of a nationwide cap-and-trade program by 2020, covering about 5 Gt of CO2 emissions, to harness the benefits of markets in realizing the environmental goals.
Formulation of cost-effective environmental policy and pricing pollution mechanism require estimates of opportunity abatement costs of reducing emissions. Earlier attempts, measuring cost savings from emission trading in comparison to CAC strategies, include Atkinson and Tietenber (1991) , Kerr and Maŕe (1998) , Carlson et al. (2000) , Newell and Stavins (2003) among others. These studies conclude that emission-trading programs resulted in substantial savings in abatement costs relative to CAC regulatory mechanism. We note that the actual costs of compliance under trading were higher than the efficient cost of compliance due to presence of significant transaction costs.
Previous ex-post analysis, for estimating unrealized gains of foregone trading, use joint production framework, with the assumption of weak disposability of bad outputs. Färe et al. (2013 Färe et al. ( , 2014 employ the framework to calculate the maximum production of electricity for the US coal burning power plants for the period 1995 -2005, with observed level of bad outputs, under three different policy scenarios i.e., CAC, spatial trading, and spatial and temporal trading, to demonstrate the unrealized gains from foregone trading under the existing regulatory trading system. 3 Following Färe et al. (2013 Färe et al. ( , 2014 , recent studies have attempted to estimate the gains of foregone emission trading in China (e.g., Xian et al., 2019) Studies, estimating opportunity cost of carbon mitigation in India, are limited. To our knowledge, only two studies have estimated the shadow prices of CO2 emissions (Gupta, 2006; Jain and Kumar, 2018) . Gupta (2006) estimates the shadow price of CO2 emissions using output distance function, a radial measure of efficiency. Jain and Kumar (2018) estimate the shadow prices for the period of 2000 -2013 using directional output distance function. Both the studies use parametric linear programming approach for estimating output distance function and directional output distance function respectively.
We estimate potential gains of emission trading using a sample of 45 coal fired thermal power plants for the period 2008 -2012. The required information for estimating the abatement costs is gathered soliciting the Right to Information (RTI) Act 2005 4 and the publications of Central Electricity Authority (CEA) and Central Electricity Regulatory Commission (CERC).
We apply joint production of electricity and CO2 emissions framework for estimating technical efficiency of power plants under different nested and non-nested models. Non-nested estimates of technical efficiency provide an idea about potential increase in electricity production if the power plants were not required to reduce carbon emissions. The nested models under different policy scenarios such as CAC, spatial trading of emissions and spatial and temporal trading of emissions determine potential to increase electricity production while maintaining observed aggregate levels of emissions. Comparison of potential increase in electricity production under nested and non-nested models reflects the abatement costs of reducing carbon emissions under different policy scenarios. Differences in potential to increase electricity production, under trading programs relative to CAC mechanism for a given level of aggregate emissions, demonstrate the unrealized gains of foregone emission trading relative to existing or CAC system.
We find that the sample thermal power plants in India had to incur an abatement cost of US$ 3.23 billion to reduce CO2 intensity, under business-as-usual scenario (CAC), which is about 3 percent in this study period. However, the plants could have accomplished the business-as-usual level of the intensity at an abatement cost of US$ 1.05 billion and US$ 0.55 billion, if they were allowed to trade the emissions spatially and spatially and temporally, respectively among themselves. Interpolation of abatement costs for the entire thermal power sector shows that India could have saved more than US$ 5 billion if she had constituted an emission trading system with the provision of banking and borrowing over the study period of 5 years. 5 To our knowledge, this is the first study measuring foregone gains due to lack of a nationwide carbon emission-trading program in Indian coal fired thermal power sector using an ex-post analysis.
The rest of this paper is structured as follows: Section 2 provides a brief introduction of the coal fired electricity generation and carbon mitigation policy followed in the country. Section 3 describes the framework followed for estimating opportunity abatement cost. In Section 4, we present and discuss the data and results. Section 5 concludes the paper.
Coal Fired Electricity Generation and Carbon Mitigation Policy in India
There are about 309 billion tons of coal reserves (mostly sub-bituminous) in India 6 . The share of coal-based electricity generation capacity has consistently been around 55 percent during this period. The share of coal-based sector in total electricity generation has increased from around 42 in 1947 to 75 percent in 2017. Domestic coal, although cheaper than imported coal and natural gas, has low fixed carbon and high ash contents. Indian thermal power plants rely more on domestic coal.
Coal-fired electricity generation and the associated CO2 emissions increased by 71 and 55 percent, respectively during 2005 -2013 in India (Table 1) . 7 This reflects a declining trend in CO2 intensity of electricity generation by about 10 percent over the period, though there is no formal policy for reducing the emissions in the sector. The reduction in emissions involves costs in terms of changing fuel-mix or/and changing production processes.
India's emission reduction policies are largely based on command and control (CAC) mechanism. Ministry of Environment, Forests and Climate Change is the nodal agency for control of pollution and setting up of standards for emissions from thermal power sector in India. China. Besides, there are norms for ash content in the coal used in coal-based thermal power stations. CO2 and local pollutants may be related to each other (Kumar and Managi, 2011; Färe et.al. 2012). 8 A National Action Plan on Climate Change (NAPCC) was prepared by India in 2008 to make policies for climate mitigation and adaptation. As a part of implementation of the plan, the country has put forward a very ambitious targets to increase carbon efficiency and the share of renewable in the energy production All the coal fired thermal power plants are making efforts to increase energy efficiency so as to reduce coal consumption, thereby resulting in reduction in the emissions per unit of electricity. This has been achieved by addition of units of higher capacity, which are lower in carbon intensity as compared to units of lower generation capacity (Jain and Kumar 2018) .
India was not required to reduce carbon emissions under the Kyoto Protocol, but at the Paris Agreement the country has pledged to reduce CO2 intensity of GDP. Reduction in the proposed level of the intensity under business-as-usual scenario requires taking some regulatory measures. Use of market-based instruments, such as carbon emissions trading program, can be cost-effective measures for achieving the targets pledged at the Paris Agreement. The Government of India has taken some initiatives to discourage the generation of CO2 emissions. A sort of carbon tax known as Clean Energy Cess of Indian Rupees (INR) 50 (about US$ 0.75) per ton on consumption of coal and lignite was introduced in 2010-11. This tax was further increased to INR 400 (more than US$ 6) per ton in 2016-17. 9 Further, Perform, Achieve and Trade (PAT) program of energy efficiency and renewable energy certificates (REC) are market based regulatory steps to price the carbon emissions.
We consider that the prevailing CO2 emission reduction policy, though formally absent, follows a command and control (CAC) regulatory framework. We intend to provide estimates of potential or unrealized gains from emission trading in terms of mitigation cost saving, if the plants were regulated under spatial or/and temporal emission-trading programs in place of CAC mechanism. These estimates are useful for formulating a policy of carbon pricing in the coal fired thermal power sector in India.
Opportunity Abatement Cost Estimation
Assume that a coal-fired electricity generating plant produces a vector of good outputs = ( 1 , … … , ) ∈ ℜ + and bad outputs (emissions) = � 1 , … … , � ∈ ℜ + using a vector of inputs = ( 1 , … … , ) ∈ ℜ + . An output set represents the environmental production technology; and the output set is defined as:
The output set defines that a given vector of inputs produce combinations of good and bad outputs and the output set satisfies the standard axioms of compactness 10 and free disposability of inputs (Färe et al., 2005) . Moreover, as the output set consists of both good output (electricity) and bad output (emissions), it satisfies the axioms of nulljointness between good and bad outputs, and good and bad outputs are jointly weakly disposable. 11
The axiom of null-jointness indicates that a coal fired thermal power plant, while generating electricity, certainly produces CO2 emissions, i.e., ( , ) ∈ ( ) = 0, ℎ = 0. Similarly, the axiom of weak-disposability of CO2 emissions suggests that reduction in CO2 emissions involves simultaneous proportional reduction in generation of electricity:
( , ) ∈ ( ) 0 ≤ ≤ 1, ℎ ( , ) ∈ ( ). However, production of less electricity without reducing bad outputs is possible:
Using conventional production function, we assume that a thermal power plant produces only one good output. In view of ∈ ℜ + , an environmental production function is defined as:
The function ( ; ) exists as ( ) is non-empty and compact. ( ; ) is nondecreasing in inputs. The axioms of weak disposability of emissions and nulljointness suggest that an environmental production function satisfies the following conditions:
and ( ; 0) = 0 (4) Equation (3) implies a proportional reduction in good and bad outputs and equation (4) infers essentiality of carbon emissions in production of electricity, given the nulljointness axiom.
Since electricity is freely disposable, ≤ ( ; ); is feasible and the output set can be recovered by defining:
This shows that an environmental production function completely characterizes a single good output environmental production technology and is considered a special case of environmental directional distance functions (Färe et al., 2007) . However, note that this production function does not directly credit a producer for reduction in emissions but an environmental directional distance function does. An environmental 7 production function maximizes the production of good output only for an observed level of inputs and bad outputs.
Using data envelopment analysis (DEA), we assume a common production technology followed by each of the thermal power plant that maximizes production of electricity. Consider there are = 1,2, … . . , thermal power plants producing good output and bad outputs using a vector of inputs, i.e. ( , , ), = 1, 2, … . . , , is a production vector. Considering weak disposability of emissions, we assume a regulated production function for observation ′ as:
where ( = 1,2, … , ) are the intensity variables or the weights assigned to each observation in construction of production possibility frontier. Moreover, we assume constant returns to scale. 12 Maximization occurs over and � for the observed levels of bad output and inputs. 13 To ensure null-jointness in good and bad outputs, we impose following conditions:
i.e., each row and column have at least one positive element which is confirmed by the data.
Contrary to a regulated production technology, in an unregulated technology, bad outputs are freely disposable. In a case of free disposability of bad outputs, the equality constraint on bad outputs in equation (6) is replaced by an inequality constraint of greater than equal to (≥) sign. 14 The weak disposability condition implies that reduction in CO2 emissions requires reduction in the production of electricity. Abatement cost of reducing the emissions can be defined as a ratio of maximum good output produced under regulated to unregulated production conditions. If this ratio is equal to one, it implies that 12 Variable returns to scale can be imposed by restriction ∑ = 1 =1 , and non-increasing returns to scale by restriction the condition to ∑ ≤ 1 =1 , along with the non-negativity of zk. 13 The tilde (~) over the y and b indicates that these are choice variables. 14 It is a well known fact that technologically there is a positive relation between the production of good and bad outputs, irrespective of the state of regulation. Under regulation, to internalize the emissions effect, the good output is reduced for reducing emissions and in an unregulated situation more of good output is produced simultaneously producing more of bad outputs. We thank one of the reviewers for pointing out this important concern. However, we use free disposability condition (a counter-intutive case), following Färe et al. (2016) , to estimate absolute cost of emission reduction under CAC regime. regulation of emissions is not affecting the production possibility of marketed output, and if it is less than one it indicates that emission reduction is costly (Färe et al., 2016) . Alternatively, cost of emission reduction is computed as a difference in maximum production of good output under unregulated and regulated conditions. While computing the abatement cost in this manner it is assumed that each of the thermal power plant meets its emission reduction target by abating its emissions. This kind of emission abatement framework is described in the literature as a command and control (CAC) environmental policy and difference in maximum good output produced under unregulated and regulated conditions is termed as the cost of abatement under CAC regime.
Emission trading equalizes marginal abatement cost across polluters, while maintaining the aggregate limit. Intra-temporal or spatial trading warrants that in each of the time-period aggregate observed emissions do not exceed an allowed aggregate emissions limit. Similarly, inter-temporal trading ensures that the sum of observed emissions over a defined period does not exceed the allowed emission quota over that period. Following Färe et al., (2013 Färe et al., ( , 2014 , we compute maximum output of electricity under the scenarios of spatial and inter-temporal industry-wide emission trading. Comparisons of maximum good output produced under unregulated to spatial and inter-temporal trading scenarios provide estimates of pollution abatement costs under these scenarios. Differences in abatement costs under different regulation regimes indicate the benefits of concerned regulatory systems.
In spatial emission trading, an aggregate allowed pollution level is introduced, which is equal to or less than an observed aggregate pollution level in a particular year, i.e., ∑ =1 ≤ , where is an aggregate allowed pollution level. To estimate maximum possible production of electricity in a scenario of spatial trading, the linear program described by equation (6) is solved subject to an additional constraint in the form of allowable aggregate emissions, i.e.,
Subject to
The solution of linear program (7) yields maximum production of electricity by all of the plants and an optimal allocation of emissions among the plants in the year subject to the maximum permissible emission limit. The maximization occurs over intensity variables, good output and emissions. The difference in the levels of emissions produced by a plant under the optimal allocation of emission permits and observed levels identifies buyers or sellers of emission permits. Difference of maximum possible production of electricity under unregulated and regulated framework, when spatial emission trading is allowed, indicates total abatement cost, and the difference between maximum electricity produced under spatial trading and CAC quantifies the advantages of spatial trading over CAC.
Abatement cost of given limit is further reduced if banking of unused emission permits and borrowing of the permits from future is allowed. The unused permits of one period are saved and used in another period, i.e., reallocation of permits not only takes place between the polluters but also over time. As a result, under inter-temporal trading of emissions, the constraint of aggregate allowable emissions in linear program (7) changes to ∑ ∑ =1 =1 ≤ ∑ =1 i.e. an aggregate allowed pollution level is introduced, which is equal to or less than an aggregate observed pollution level in a particular period. The linear program for an inter-temporal program is:
; t = 1,….,T ∑ 1 ≤ 1 , = 1, 2, … , ; = 1, … . ,
The solution of linear program given in equation (8) yields maximum electricity production under the inter-spatial and inter-temporal trading of emissions. It also yields levels of emissions generated by each of the plants when they are allowed, not only spatial trading of emissions but also banking and borrowing over the regulation period. Difference between maximum electricity produced under intra-temporal (spatial) and inter-temporal trading quantifies the advantages of inter-temporal trading over intra-temporal trading of emissions.
Data and Results
For estimating the costs of abating CO2 emissions by the Indian thermal power plants, we need information on the production of electricity and CO2 emissions along with various inputs such as coal, labour among others. To obtain the information on these outputs and inputs, we utilize Right to Information (RTI) Act and various publications of the Central Electricity Authority (CEA) and the Central Electricity Regulatory Commission (CERC).
We were able to get the required information on an unbalanced panel of 56 coal fired thermal power stations for the period of 1999 -2013 by invoking the RTI Act. To estimate opportunity cost of CO2 emission mitigation, we employ plant-level information on three inputs: capital, labour and coal, and two outputs: electricity and CO2 emissions. We measure net electricity generation in gigawatt hours (GWh) and CO2 emissions in tons. The CEA has been collecting the baseline data in order to facilitate the Clean Development Mechanism (CDM) projects since 2001. Details of CO2 emissions estimation in the coal fired thermal power sector are given in the User Guide of Baseline Data, published by CEA. 16 Coal is the primary fuel in electricity generation process in the sample plants and its consumption is measured in tons. We measure labour in terms of wage bill paid during a year; wage bill information is available at current prices and is converted into constant prices using the labour wage index published by the Labour Bureau, Government of India. Capital input is computed following Dhrymes and Kurz (1964) . Table 2 provides the descriptive statistics of the variables for the years 2008 and 2012. We observe that between 2008 and 2012, the average electricity production and CO2 emissions of sample plants have increased by about 12 and 9 percent. Declining CO2 intensity of coal fired electricity generation in the country shows that Indian thermal power plants are making efforts for reducing CO2 emissions.
We solve the above-described linear programs using GAMS program under different policy scenarios to obtain estimates of maximum electricity production in the absence of technical inefficiency. 17 We compute the opportunity costs of emission reductions under two scenarios: aggregate emissions generated each year or over the period of 2008-12 remain constant, and the aggregate emissions are reduced by 10 percent for the given level of electricity generation. Table 3 provides the estimates of opportunity cost of the emissions reduction in terms of reduction in electricity production or revenue foregone. To compute the revenue foregone we use electricity prices observed by the respective thermal power plants at [2004] [2005] prices and convert into US$ at an exchange rate of Indian Rupees 70 for one US$. Table 3 shows that over the period of 2008 -2012, the sample plants have to forego about 73 billion units of electricity production for reducing CO2 intensity of electricity generation by about 3 percentage points under CAC regulatory framework. The electricity output foregone increases to about 166 billion units if these plants were required to reduce the emissions further by 10 percentage points. The simulated results show that India spent more than US$ 6 billion for producing the given level of CO2 emission for the entire coal fired thermal power sector under CAC regulations as we interpolated the estimates of sample plants for the entire coal fired electricity sector. However, the given level of emission intensity could have been achieved if the plants were allowed to trade emission permits within a year among themselves (spatial trading) at an opportunity cost of about US$ 2 billion and this cost could have been further reduced to only US$ one billion, if banking and borrowing of the emission permits were allowed over the study period. The country could have saved about US$ 8 billion under the spatial and temporal trading of emissions in comparison to CAC regulatory framework by further reducing 10 percent CO2 emissions in entire coal-fired sector. It is worth to note that further reduction in CO2 emissions is more costly irrespective of the policy scenario; this implies that marginal cost of abatement is increasing at an increasing rate.
We also observe that under spatial-temporal trading, the thermal power plants were not mitigating emissions in the first two years, and they borrowed from the future years expecting some innovations. Similarly, in the last year of study they did very small mitigation and used the banked emissions to comply the targets (Table 3) . Table 4 presents the opportunity cost of emission reduction in terms of electricity output foregone as a percentage of electricity generation for the plants owned by state and central governments separately. Over these five years, average potential abatement costs for obtaining the observed level of emissions are about 4.15, 1.35 and 0.71 percent of electricity generation under the CAC, spatial-trading and spatial and temporal trading of emissions, respectively. It is also observed that the average opportunity cost of abatement was higher for the state sector plants in comparison to the central sector thermal power plants in all these cases. Central sector owned plants get benefited more than the state sector owned plants under trading in the absence of inter-temporal borrowing and banking of emission permits, though the average opportunity cost of abatement is marginally different under inter-temporal borrowing and banking system of emission trading. Under spatial trading of emissions, the state sector abates more than its limit and sells the emission permits to the central sector, but if inter-temporal borrowing and banking of emission permits is allowed, then the state sector pollutes more and complies the regulatory requirements by purchasing emission permits from the central sector (Appendix Table A1 ). Appendix Table A1 presents the yearly observed and potential levels of electricity and CO2 emissions at sectoral level under different policy scenarios. If the plants were required to reduce 10 percent more emissions, the state sector would have benefited slightly more from trading in comparison to central sector. Plant size and vintage could be the reasons of differences in the abatement costs between state and central sectors. Generally, the state-owned plants are of small size and old vintages. Note that further reduction in CO2 emissions does not change the position of the sectors, i.e., state sector remains seller under spatial trading but becomes buyer when the trading is combined with inter-temporal banking and borrowing of emission permits. Figure 1 presents the temporal pattern of potential abatement costs under different policy scenarios; for the given level of emissions (Panel A) and with 10 percent reduction in CO2 emissions (Panel B). From the figure, it is evident that the opportunity cost of reducing emissions is consistently higher under CAC regime in comparison to spatial or spatial and inter-temporal trading of emissions (Panel A). Under CAC and spatial trading regimes the opportunity cost was lowest in 2010, but it is highest in 2010 when the plants were required to maintain the observed aggregate level of emissions under inter-temporal trading program. Figure 2 provides the graphical representation of potential annual increase in electricity generation in the sample plants for the three simulations. For the observed levels of emissions, technical inefficiency attained a minimum in 2009, but in the remaining years, it was about 10 percent. However, technical inefficiency and inefficiency due to sub-optimal allocation of CO2 emissions attained a minimum in 2009 and the combined inefficiency was highest in 2011 under spatial trading of the emissions. Combined efficiency is lowest in 2010 and then shows increasing trend, when spatial trading is coupled with inter-temporal borrowing and banking of emissions (Panel A). Note that potential to increase electricity production under CAC is lowest in all the three policy simulations, implying that emission-trading programs are beneficial. Figure 2 depicts the presence of inefficiencies under three policy simulations for additional 10 percent reduction in the emissions. Combined inefficiency (technical inefficiency and inefficiency due to sub-optimal allocation of emissions) is higher under spatial-temporal trading of emissions in comparison to spatial and CAC regulatory regimes in the first four years. In 2009, not only technical inefficiency under CAC gets eliminated but also the plants have to give up about two thousand GWh of electricity production if required to remove 10 percent more emissions and it is highest in 2010, and in the years 2011 and 2012 it is about 5 percent. On average, the presence of yearly inefficiency under the three regimes was 3.84, 7.94 and 10.16 percent respectively. This shows that the Indian coal-fired plants can increase electricity production by more than 10 percent by eliminating technical and CO2 emission allocation inefficiencies even in a scenario when they produce 10 percent less emissions than the observed level. This finding supports Porter hypothesis that properly designed environmental policy can lead to a win-win situation (Porter and van-der Linde, 1995; Murty and Kumar, 2003) .
Panel B of
The realization of gains from emission trading during 2008 -2012 can be explained by reallocation of emission reduction burden of the plants with high environmental inefficiencies and high abatement costs to the plants with low environmental efficiency and low abatement costs. Table 5 reports the five-year average abatement costs estimates at the plant level under different policy scenarios. Among the state sector plants, Bhusawal thermal power plant sacrifices about 23 percent of its electricity generation towards abatement costs under the CAC regulatory regime, but it can comply with the regulatory requirements by doing less abatement on its own and purchasing the right to emit emissions from other plants. Similarly in the central sector, we observe that the thermal power plants of Farakka, Kahalgoan and 13 Chandrapur have to lose more than 10 percent of their electricity generation as abatement costs at the existing level of emissions under the CAC but these plants will be better-off under trading as they can fulfill their obligation under the emission trading program by purchasing the permits from the thermal power plants such as Amarkantak, Rihand, R-Gundam, which are meeting their regulatory requirements at low abatement costs, but they would like to abate more emissions if the trading of emission permits is allowed. Appendix Table A2 reports observed and potential level of electricity and CO2 emissions at the plant level that help in identifying the buyers and sellers of emissions under the spatial and spatial-temporal trading of CO2 emissions. Table 5 also shows that if the plants were asked to remove additional 10 percent emissions, about 25 percent of the plants had to forego more than 10 percent of their electricity generation towards abatement costs under CAC regulations, but if these plants get involved in the purchase of emitting rights from the plants that can abate at low abatement cost, only three plants will be required to forego more than 10 percent under spatial trading and only one plant will be required to forego more than 10 percent under spatial-temporal form of trading. Note that, generally old and small size plants are less efficient and have to incur high abatement cost relative to newer and bigger size plants. For example, Suratgarh is only 10 years old and is of 1450 MW capacity and at the current level of emissions it has zero abatement cost. Similarly, Rihand, which is 15 years old and is of 2000 MW capacity, meets its regulatory requirement at a minimal cost. On the other hand plants such as R-Gundam (62.5 MW), Ennore (450 MW), Neyvell ST1 (600 MW) are about 40 years old and are made of small units and have to incur higher costs for complying with the regulatory requirements.
Above analysis shows the potential and importance of CO2 emission trading in Indian thermal power sector, i.e., the coal fired power plants can achieve the stated emissions targets at lower costs under trading regime in comparison to each plant facing individual carbon emission reduction burden. The power plants that face relatively high abatement costs could purchase additional emitting rights from low abatement costs plants, thus providing an incentive to each power plant in identifying cost minimizing abatement opportunities.
Conclusions
India pledged to reduce CO2 emissions intensity by about 30-35 percent by 2030 relative to 2005 at the Paris Agreement. Emission trading and emission taxation can accomplish the targeted emission levels cost effectively by equalizing marginal abatement costs across the polluters. This study estimated potential gains of emission trading, using a sample of 45 coal fired thermal power plants for the period 2008 -2012. The required information was gathered invoking the Right to Information Act and from the Central Electricity Authority and Central Electricity Regulatory Commission.
We use data envelopment analysis (DEA) based linear programming approach to estimate technical efficiency of power plants under different nested models. These models under different policy scenarios such as CAC, spatial trading of emissions and spatial and temporal trading of emissions provide estimates of potential economic gains. Applying joint production of electricity and CO2 emissions framework for estimating technical efficiency of power plants under different models, we find that India could have saved about US$ 5 to 8 billion, if she had constituted an emission trading system, with the provision of banking and borrowing over the study period of 5 years. Moreover, we find that there is huge potential in Indian thermal power sector to increase electricity production and reduce CO2 emissions by eliminating technical and allocative inefficiencies, implying presence of win-win potential.
Given the potential benefits of equalizing marginal cost of abatement among emitters, India needs to constitute a system of pricing carbon emissions in the country either through emission taxation or cap and trade system. In a recent paper Robert Stavins provides a comparison of emission taxation and trading approaches to internalize the externalities (Stavins, 2019) . In the absence of additional market and government failures and uncertainty in the estimates of marginal abatement costs and benefits, theoretically, both emission trading and taxation schemes have equivalent potential in terms of efficiency and cost effectiveness (Goulder and Schein, 2013) . However, in a recent paper Sim and Lin (2018) show that emission trading outperforms emission taxation in an open economy with spatial implications of emission generation in terms of global and domestic welfare. Choice between emission taxation and cap and trade system is generally an issue of choice of design elements along a policy continuum (Stavins, 2019) .
To our knowledge, this is the first study measuring foregone gains due to absence of a nationwide carbon emission-trading program in Indian coal fired thermal power sector using an ex-post analysis. This study shows the need for designing an effective carbon market. Our estimates of potential economic gains should be considered as lower bound as these are based on cost saving potential effect of carbon emissions trading within the thermal power sector and do not consider the potential for emission trading among other industries. It should be noted that these estimates of potential gains have not included transaction costs; transaction costs do decrease the potential gains of trading and depend on the designing of carbon trading markets. There is another approach in the literature, known as by-production approach, for estimating the mitigation costs of CO2 emissions that does not assume null-jointness and jointly weak disposability of good and bad outputs. Future studies can compare the potential gains of emission trading obtained in this study with the gains acquired using the byproduction approach. Note: CAC: command and control; Spatial: intra-temporal emission trading between plants; Spatialtemporal: inter-temporal emission trading between plants; S: Sell; P: Purchase, and N: no trade. The first digit in column 'trade' is trade under spatial trading and the second digit is for trade under spatialinter-temporal trading. 
